Abstract Poa annua is an expansive species that has developed a stable breeding population on the west shore of Admiralty Bay, King George Island (Antarctica). We investigated whether the colonization success of this species in extreme climatic conditions is associated with morphological variability. We compared the differences in 12 traits among P. annua populations thriving in Admiralty Bay, Tatra Mountains and Warsaw. Our expectations that plants occurring in maritime Antarctic and mountain conditions should exhibit similar morphological characteristics were not confirmed. Comparison of individual morphometric traits indicated high variability within as well as between the studied populations. Plants from the Admiralty Bay population differed significantly from plants from the Warsaw and Tatra populations in 9 of the 12 studied traits. We discovered more similarities between the Polish populations (Warsaw and Tatra) than between the populations from harsh environments (maritime Antarctic and Tatra). The Tatra population exhibited intermediate morphological characteristics in relation to plants from the other two studied populations. In parallel, the climatic conditions expressed in mean monthly air temperature were intermediate in the Tatra location. Four traits analyzed by other authors in the sub-Antarctic populations and by us in the maritime Antarctic population were consistently lower than for the Tatra and Warsaw populations. This finding is in accordance with our working hypothesis (i.e., plants growing in harsh cold conditions exhibit similar morphological characteristics). Our results might suggest that the morphological response to environmental stress of plants occurring in mountain and polar conditions may be similar.
Introduction
Poa annua L. (annual bluegrass) is one of the cosmopolitan species of Eurasian origin widely distributed in the world (Tutin 1952) . It favors temperate to alpine zones and in tropical regions is confined to mountainous locations. The species is usually restricted to anthropogenic habitats as diverse as arable land, disturbed grasslands, lawns and trampling areas (see, e.g., Tutin 1952 Tutin , 1957 Gibeault 1971; Wells 1974; Mitich 1998; Heide 2001) .
Numerous characteristics contribute to the success of annual bluegrass as a weed: huge phenotypic and genotypic variability, small size, short life cycle (life-history types ranging from annual to perennial forms), rapid germination throughout most of the year, survival of seedlings and young plants in winter conditions, resistance to uprooting and a high degree of survival when uprooted, and tolerance to defoliation, grazing and trampling (e.g., Law 1981; Grime et al. 1986; Frenot et al. 1997; Holm et al. 1997;  Electronic supplementary material The online version of this article (doi:10.1007/s00300-015-1731-y) contains supplementary material, which is available to authorized users. & Katarzyna J. Chwedorzewska kchwedorzewska@go2.pl Mitich 1998) . It grows in widely diverse soils from sands to clays (often habitats with large surfaces of exposed ground) and also exhibits a tolerance to poorly aerated, compacted soils (Grime et al. 1986; Mitich 1998 ) and a wide range of pH and soil water conditions (Vargas and Turgeon 2004) . All these traits make the species highly adaptable to environmental stress and unstable habitats. The species has already become widespread on several sub-Antarctic islands (Frenot et al. 1997 (Frenot et al. , 1999 (Frenot et al. , 2001 (Frenot et al. , 2005 Scott and Kirkpatrick 2005; Williams et al. 2013) . The most recent data describe the presence of individual plants of annual bluegrass on the Antarctic Peninsula over 64°S in the vicinity of Chilean and Argentinean Stations (MolinaMontenegro et al. 2012 (MolinaMontenegro et al. , 2014 . The species was noted in 1985/1986 on the west shore of Admiralty Bay, in the vicinity of the H. Arctowski Polish Polar Station, King George Island (South Shetlands Islands), and subsequently developed a stable breeding population, which has begun to expand into new areas and habitats. Poa annua has been observed for the first time in native plant communities during the austral summer season of 2005 /2006 (Chwedorzewska 2008 Olech and Chwedorzewska 2011; Wód-kiewicz et al. 2013 Wód-kiewicz et al. , 2014 Chwedorzewska et al. 2015) .
The species has also been observed outside the vertical limit of the natural range. In an alpine meadow on the Quainhai-Tibetan plateau, the plant was recorded as a subdominant species at altitudes over 4000 m a.s.l. (Wang et al. 2007 ). On Mt. Kilimanjaro P. annua has been found growing in the vicinity of climbing routes at altitudes over 3700 m a.s.l. and occurred as a dominant species in plant communities in areas above 3000 m a.s.l. (Hemp 2008) . Vittoz et al. (2008) presume that in the Swiss Alps the species might have been introduced in places located over 2700 m a.s.l. In Polish Tatra mountains at altitudes above 1000-1200 m a.s.l. small patches have been observed along tourist routes (see Piękoś-Mirkowa 2005, 2007) .
Annual bluegrass is adapted to diverse habitats and is described as a species differing in morphological traits, germination characteristics and the rate of development within and between populations (Grime et al. 1986; Vargas and Turgeon 2004) . Differences especially between populations growing in harsh and in temperate climates may be due to diverse natural selection pressures or founder effects (Chwedorzewska and Bednarek 2012) .
The goal of this study was to assess the differences in selected traits between the maritime Antarctic population and two Polish populations. Our aim was to assess the similarities between plants thriving in polar conditions and plants from a mountain location. We concentrated on the morphological response of individuals enabling the species to establish populations outside its natural distribution. We addressed the following working hypothesis: plants growing in cold conditions exhibit similar morphological characteristics.
Materials and methods

Selection of sites
To study the differences in morphology among P. annua thriving in polar, mountain and temperate lowland climates, we chose three populations (Table 1) . The latitudinal extreme was represented by a population situated in the vicinity of the Polish Antarctic Station H. Arctowski (King George Island, South Shetlands, this locality hereafter referred to as ''maritime Antarctic''). Annual bluegrass growing in a mountain habitat was represented by a population situated in the Polish Tatra Mountains (border of the vertical limit of the natural species range in Poland, hereafter referred to as ''Tatra''). Plants from the temperate climate were represented by a population located in the Botanical Garden PAS in Powsin, Warsaw (hereafter referred to as ''Warsaw''). This last population was a potential source of the diaspores brought to Arctowski (Chwedorzewska and Bednarek 2012; Lityńska-Zając et al. 2012) . All investigated sites were situated in anthropogenic habitats, e.g., on roadsides and trampling areas. Table 2 ). The climatic conditions at our study site might be proxied in between the Zakopane and Hala Gąsienicowa stations. For this reason, we included data from both stations in our analysis. While the Zakopane station is located in the center of the city and is subject to a bias associated with the urban heat island, the Hala Gąsienicowa station is located far above our study sites and may have a harsher climate than at our site. We have also included the climatic data for the Kerguelen and Crozet Islands as several traits we measured have also been studied in earlier research on those islands (Frenot and Gloaguen 1994; Frenot et al. 1999) . The data for these locations come from Meto-France at the two stations Port-aux-Français in the Kerguelen Islands and Alfred Faure in the Crozet Islands (Infoclimat 2015) .
Field sampling
At each site, we selected three patches of P. annua and collected data for 32 individuals in each patch during one growing season. The measurements were carried out on freshly collected single blooming individuals isolated from tussocks and placed on a flat surface (Fig. 1) . All together, we measured 12 traits: no. of spikelets in the panicle).
Traits from 1 to 4 describe the growth habit and vegetative shoots. The remaining traits (5-12) are related to generative shoots (leaf blade length was measured on generative shoots).
Data analysis
Our climatic data set consisted of mean monthly temperatures from four meteorological stations for the period between 2002 and 2011. As the ''summer'' and ''winter'' periods fall during different months in the Northern and Southern Hemispheres, we aligned the temperature data in such a way that monthly mean temperatures of the Polish stations for January were compared with July data from Ferraz, February Polish data with August data from Ferraz and so on. In this way the first month in the Polish data was January and in the sub-Antarctic and maritime Antarctic data-July (Fig. 2) . As the Shapiro-Wilk test revealed no departures from normal distribution in the month-station groups, we used one-way ANOVA and the Tukey post hoc test to check for differences in mean monthly temperatures among sites. Shapiro-Wilk test revealed that most of our morphometric data did not follow normal distribution (data not shown). We therefore transformed our data for subsequent use in PCA analysis. Specimen height, specimen width, specimen height/width, vegetative shoot no., leaf blade length, panicle length and panicle branch length were log transformed; generative shoot length was square root transformed; no. of spikelets in a panicle was 1/9 transformed. We performed the Kruskal-Wallis test to check for differences in individual traits between populations.
Additionally, we compared our results concerning one morphological trait (i.e., no. of spikelets in the panicle) with Frenot and Gloaguen (1994) data from the Kerguelen Islands and three traits (i.e., leaf blade length, panicle length and branches in panicle no.) with data of Frenot et al. (1999) from the Kerguelen and Crozet Islands. For this comparison, we calculated 95 % confidence intervals for the mean in each location to assess differences in traits studied in both our and one of the above-mentioned papers.
All analyses were performed with Statistica 9.0 (StatSoft Inc 2009).
Results
Differences in climatic conditions
The Warsaw location has a typical moderate temperate climate with transitional features between maritime and continental conditions (Sudnik-Wojcikowska and Galera 2011) with 18.1°C mean air temperature in July, -3.0°C mean temperature in January and 577 mm average annual precipitation with most of the precipitation during the vegetative period. The Tatra location has a continental mountain climate with the mean temperature in July between 12.1 and 16.1°C, mean temperature in January between -5.3 and -3.8°C and mean annual precipitation between 1716 and 1183 mm with most of the precipitation during the vegetative period (data respectively for Hala Gąsienicowa and Zakopane). In Admiralty Bay, where the maritime Antarctic population is located, the conditions can be described as harsh, typical of the polar maritime climate with a 2.4°C mean monthly temperature in January during the austral summer, -6.7°C mean temperature in July during the austral winter (Climatologia da Baia do Admirantado 2014) and 688 mm mean annual precipitation distributed roughly evenly during the year (Bellingshausen Station, the Russian Arctic and Antarctic Research Institute in Sankt Petersburg; see Climatological data 2014).
Not surprisingly, the Tukey post hoc test (run after ANOVA, all tests significant, data not shown) indicated significant differences in mean monthly temperature between localities (Fig. 2) . The differences between localities were more pronounced during the ''summer'' season than during the ''winter.'' The Warsaw climate was significantly warmer than the Zakopane climate only for the three warmest summer months. The temperature at Hala Gąsienicowa station was significantly lower than at Warsaw station for all but the two coldest winter months. At Admiralty Bay, the temperature was significantly lower than in the Tatra location for all but the two to four coldest ''winter'' months depending on the weather station (Fig. 2) . Monthly mean temperature in the sub-Antarctic Islands showed less yearly amplitude and consequently was above 0°C. Nevertheless, during the vegetation season it was higher than in maritime Antarctica and lower than in the Tatra and Warsaw locations.
PCA
The first three principal components explained 52.75, 17.36 and 13.10 % of variability in the studied morphological traits for the first, second and third component, respectively. Plants from the Warsaw and Tatra populations generally formed one cluster and plants from the Antarctic formed another cluster with higher values of the first principal component (Fig. 3) . The first component was highly correlated with respectively transformed specimen height, specimen height/width, generative shoot length, leaf blade length, panicle length, branches in panicle no., panicle branch length and no. of spikelets in the panicle, while the second component with the specimen width and vegetative shoot no. and the third component with generative shoot no. and generative shoot percent (Fig. 4) .
Individual trait analysis
Comparison of morphometric data conducted for each of the traits separately indicated high variability within as well as between studied populations (Table 3) . Plants from the maritime Antarctic population differed significantly from plants from other studied populations (Warsaw and Tatra) in nine of the studied traits (Table 3 ). For four of these traits (specimen height, specimen height/width, generative shoot length, panicle length), plants from Tatra had statistically significant intermediate values in relation to both other populations. Plants in the maritime Antarctic were highly branched. They had the highest value of generative shoot no. This population also had high values of vegetative shoot no., similar to the Tatra population.
Another trait similar in maritime Antarctic and Tatra populations was generative shoot percent. The remaining traits had lower values for the maritime Antarctic population with the exception of specimen width with no significant differences between the maritime Antarctic and Warsaw. The comparison of our data with the data on P. annua morphological traits from the sub-Antarctic (Frenot and Gloaguen 1994; Frenot et al. 1999) indicated that all of the four traits studied in common plants from the Tatra and Warsaw populations had higher values than plants from the maritime Antarctic and sub-Antarctic populations (Fig. 5) .
Discussion Specific traits of the maritime Antarctic population
Our results indicate that P. annua growing in Admiralty Bay has distinct morphological characteristics in comparison with both populations from Poland. Plants from the maritime Antarctic population are the smallest and have a compact growth habit indicated by the low values of specimen height, specimen height/width, generative shoot length and specimen width (Table 3) . Poa annua growing outside the southern limit of the species' natural range is Regarding the number of vegetative shoots, the maritime Antarctic population is similar to plants from Tatra. In the maritime Antarctic population, lower values of traits associated with length and size and higher values of the number of branches correspond to compact specimens and may have an adaptive value against wind-and snow-inflicted damage. These trait values might be favored in harsh and cold climates. A similar picture arises from our evaluation of data on morphological traits of P. annua from the sub-Antarctic (Frenot and Gloaguen 1994; Frenot et al. 1999) . The four traits studied in both of these data sets and in our study indicate that P. annua from the Kerguelen and Crozet Islands as well as from the population at Arctowski is more compact than in the populations studied in Warsaw and Tatra locations (Fig. 5) . This may suggest that common driving factors are responsible for the growth habit traits of the studied species under a maritime Antarctic and subAntarctic climate. The comparatively lower temperature during the growing season may be the driving factor of the observed morphological response in P. annua at Arctowski as well as on the Kerguelen and Crozet Islands. The same factor may be the driving force for lack of sexual reproduction in P. pratensis (Pertierra et al. 2013) . These results however have to be treated with caution as we obtained information only on four traits and the number of studied populations is limited. As the populations analyzed by Frenot and Gloaguen (1994) and Frenot et al. (1999) on the sub-Antarctic Islands differ substantially in the studied traits among themselves and with the Arctowski population, as indicated by differences in the confidence intervals for the mean, we can only suppose that other factors such as the founder effect might have played a role in shaping their unique character.
Our assumption that in cold harsh climates the size of P. annua individuals tends to be smaller than in other more favorable climates seems to be confirmed by the characteristic trend of traits of species typical for cold regions toward small and compact plant functional units (see, e.g., Bliss 1962; Billings and Mooney 1968; Billings 1974 ). In the lowland temperate climate, high values of traits associated with length may present a benefit by maximizing the assimilation leaf area and exposing the panicles higher, which aids in wind-mediated pollination and sexual propagule dispersal, yet does not make them vulnerable to destruction prior to seed maturation. All these differences stress huge plasticity in the response of this species to environmental factors.
Trait characteristics of the Tatra population
Plants from the Tatra Mountains were most procumbentthey had the highest value of specimen width. This was the only trait for which Tatra plants had the highest value, significantly different from both maritime Antarctic and Warsaw populations. The Tatra population was similar in five traits to the Warsaw population while differing from the maritime Antarctic population. In two other traits, the Tatra population was similar to the maritime Antarctic population, while differing from Warsaw. Concerning the Our working hypothesis was that plants from Tatra and the maritime Antarctic are more similar to each other because of similar environmental factors and differ from the Polish lowland population (Warsaw). Contrary to our expectations, Tatra plants differed in many traits from the maritime Antarctic population. P. annua from Tatra had however an intermediate characteristic between the lowland and maritime Antarctic population. Some of the trait values of the mountain population corresponded to the maritime Antarctic and some to the Warsaw population. The Tatra population had an intermediate value (significant differences between all studied locations) of four measured variables. This might suggest that the morphological response to environmental stress of plants occupying places characterized by harsh climate conditions (maritime Antarctic and Tatra populations) may be similar at least for some traits.
The cause of intermediate trait characteristics of the Tatra population, rather than a high similarity with the maritime Antarctic plants, may be the relatively low altitude where mountain plants have been collected and milder climate condition than on King George Island (Fig. 2) . Our analysis of the mean monthly temperature data indicates large differences between the Zakopane and Hala Gąsienicowa weather stations. The studied Tatra population located in intermediate conditions represented by these stations may grow under a harsher climate than in Zakopane, but a milder one than at Hala Gąsienicowa. Anyway, at this locality the climate is milder than at Arctowski (Fig. 2) .
The absolute altitudinal maximum of P. annua in Poland is about 1900 m a.s.l. (Mirek and Piękoś-Mirkowa 1974) . Plants from the studied mountain population collected at the altitude of 1097-1140 m a.s.l. (Table 1) were not at the world altitudinal extreme of the species range (see, e.g., Arevalo et al. 2005; Wang et al. 2007; Hemp 2008; Vittoz et al. 2008 ). In Poland above this altitude only small patches of P. annua exist, which are less suitable for population studies. Our results nevertheless confirm that the altitude of 1000-1200 m a.s.l. is the border of the vertical limit of the natural species range in Poland.
The direction of morphological response of plants from cold environments in comparison with the European lowland population at Warsaw is similar, but plants from the b Fig. 5 Comparison of morphological data from this study and data of Frenot and Gloaguen (1994) and Frenot et al. (1999) . a Leaf blade length; b panicle length; c branches in panicle no.; d no. of spikelets in the panicle. Studied sites: ARC, Antarctic population (this study); KER_VA, KER_PC, KER_DN, populations from the Kerguelen Islands (Frenot et al. 1999) ; KER_PA, population from the Kerguelen Islands (Frenot and Gloaguen 1994) ; CRO_AF, CRO_JJ, CRO_BA, populations from the Crozet Islands (Frenot et al. 1999) ; TAT, Tatra population (this study); WAW, Warsaw population (this study). Square mean; whiskers 95 % confidence intervals for the mean maritime Antarctic and sub-Antarctic differ significantly more from Warsaw than plants from Tatra do. We can speculate that these morphological differences may be associated with similarly changing environmental conditions in the direction of cold harsh climates (e.g., Dyer et al. 2001; Dawson and Lucas 2005) . This seems to be evident in the four studied traits associated with specimen size for which Tatra is intermediate. Here the change seems to be in the direction of short and compact functional units, which might be an adaptation to evading damage inflicted by high wind and/or heavy snow cover.
High variability of P. annua morphology as a trait of an adaptive value
Annual bluegrass is widely acknowledged as a very variable species concerning its morphology and physiology. Numerous taxons of different rank are described within this species. These taxons differ in morphology (e.g., Ellis et al. 1971; Gibeault 1971; McElroy et al. 2004; Vargas and Turgeon 2004) as well as in the duration of the life cycle (Law et al. 1977; Till-Bottraud et al. 1990; Stoy 2005) . Our results confirm the existence of high variability of morphological traits in P. annua. The values of traits we measured in our study such as specimen height, generative shoot length and panicle length are below the reported maximum in the literature (compare data from: Ellis et al. 1971; Gibeault 1971; Warwick and Briggs 1978; Grime et al. 1986; Mitich 1998; McElroy et al. 2004; Vargas and Turgeon 2004) . The differences in morphology under different climatic conditions may be attributed to genetic variability or, as pointed out by Frenot et al. (1999) , to phenotypic plasticity. However, to check this a different study scheme is needed. One of our interesting findings while analyzing the data of Frenot et al. (1999) was the lower variability of P. annua populations at the Kerguelen and Crozet Islands in comparison with the maritime Antarctic and both Polish populations. This might indicate that the population at Arctowski experienced repeated introductions of varying genetic material as described by Chwedorzewska and Bednarek (2012) and Lityńska-Zając et al. (2012) , while at the Kerguelen and Crozet Islands there is a pronounced founder effect (Fig. 5) .
High variability is a trait of an adaptive value enabling the use of diverse ecological niches by a species (see, e.g., Grime et al. 1986; Ellis et al. 1971) . Poa annua is a highly opportunistic colonizer (e.g., Gibeault 1971; Mitich 1998) . Some authors (Cordukes 1977; McNeilly 1981 McNeilly , 1984 stress the species diversified response to stress and ''evolutionary significance of enhanced competitive ability'' (McNeilly 1981) . Also the variable reaction of P. annua to competition from other species is acknowledged (Connolly et al. 1990 ). In Poland, the species is often found under weak interspecific competition, although it has been noted in highly competitive associations such as tall-herb vegetation in mountains (Stachurska-Swakoń 2009) .
In the sites studied in this research, annual bluegrass is not under high competition stress. The major stressing factor for the P. annua population in the maritime Antarctic is the climate and associated specific light availability characteristics (photoperiod, UV-B, temperature and duration of the vegetation season, e.g., Day et al. 1999) . Such conditions might have been more similar for the maritime Antarctic and Tatra populations than for the lowland Warsaw population. Our morphometric results did not confirm this expectation. The Tatra mountain population exhibited however intermediate trait characteristics, but we discovered more similarities between the Polish populations (Warsaw and Tatra) than between the populations occupying harsh environments (maritime Antarctic and Tatra).
Conclusion
Annual bluegrass growing in Admiralty Bay has distinct morphological characteristics. This population differs significantly from plants from other studied populations (Warsaw and Tatra) in 9 of the 12 studied traits. While the values of the four traits analyzed by us, as well as those studied in the sub-Antarctic populations (Frenot and Gloaguen 1994; Frenot et al. 1999) , were not similar, they were consistently lower than for the Tatra and Warsaw populations. This last finding is in accordance with our working hypothesis (plants growing in harsh cold conditions exhibit similar morphological characteristics). However, the intermediate characteristics of the studied mountain population does not fully support our hypothesis. Our results might suggest that the morphological response to environmental stress of plants occurring in mountain and polar conditions may be similar.
According to earlier genetic studies, P. annua was most likely introduced into the maritime Antarctic site from Poland, probably with soil for the greenhouse transported to the Station 37 years ago from Warsaw (Chwedorzewska 2008; Chwedorzewska and Bednarek 2012) . However, regarding morphology, the maritime Antarctic and Warsaw (potential source of introduction) populations differed substantially. Only one trait (specimen width) did not differ significantly between these populations. Therefore, environmental factors seem to be the main driving force for morphological differentiation of this species, as the mountain population had intermediate characteristics between the European lowland (Warsaw) and maritime Antarctic population. The relation between morphological variability, phenotypic plasticity, genetic variation and the fixation of morphological traits should be the focus of further studies.
Extensive research on P. annua in maritime Antarctica concerning specific traits that aid in the persistence of this species in harsh environments may shed light on alien species spread in this region in association with regional warming. Our knowledge on the morphological response of this species may also play an important role in the prediction of subsequent invasions. Understanding the history of P. annua will allow the application of policies and actions to protect against future invasions and help develop effective methods for their eradication (Hughes and Convey 2010; Chwedorzewska et al. 2015) .
